Optimization of an LDA System by Smid, Robert
Missouri University of Science and Technology 
Scholars' Mine 
Symposia on Turbulence in Liquids Chemical and Biochemical Engineering 
01 Jan 1973 
Optimization of an LDA System 
Robert Smid 
Follow this and additional works at: https://scholarsmine.mst.edu/sotil 
 Part of the Chemical Engineering Commons 
Recommended Citation 
Smid, Robert, "Optimization of an LDA System" (1973). Symposia on Turbulence in Liquids. 114. 
https://scholarsmine.mst.edu/sotil/114 
This Article - Conference proceedings is brought to you for free and open access by Scholars' Mine. It has been 
accepted for inclusion in Symposia on Turbulence in Liquids by an authorized administrator of Scholars' Mine. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 





Franklin Lakes, New Jersey 07417
ABSTRACT
This paper discusses the various considerations 
leading to the optimization of a laser Doppler 
anemometer for measurements in the flows of gases, 
liquids, and solids. The requirements placed on 
the various parameters of the optics by the experi­
ment are discussed in general for different modes 
of operation. Expressions determining these optical 
parameters in certain instances given by various 
authorities are presented and compared. This 
includes such topics as: laser power, particle 
size, measuring volume size, optical variation in 
transmitting and receiving optics, and photodetector 
selection.
INTRODUCTION
Since the first published laser Doppler ane­
mometry (LDA) measurements in 1964 by Yeh and 
Cummins (1), the use of LDA has grown significantly 
and has received much attention as to theoretical 
foundations. There are some significant differences 
in the various analyses but in general, these 
differences only appear as small factors in the 
final results. It is useful for those starting in 
this field to have a general treatment and presenta­
tion of those parameters which are important to 
making an LDA measurement. We will present in this 
paper some of the important equations and show 
references where more information and detailed 
analysis may be found.
SELECTION OF MODE OF OPERATION
In considering the LDA for a particular 
measurement, one of the preliminary decisions that 
must be made is what optical mode of operation 
should be used for a particular measurement. There 
are three basic modes currently in widespread use. 
These are: the reference beam mode, the differen­
tial beam mode and the dual beam mode. Each of 
these modes has its own particular advantages and 
disadvantages and can be optically arranged to 
operate in either forward or backscattering opera­
tion. There have been some other modes of opera­
tion suggested. These are minor variations of one 
of the above techniques to achieve lower noise 
signals or multi-dimensional measurements (2-3).
The first mode we will discuss will be the 
Reference Beam Mode which was used for most of 
the early experiments in LDA (1). Although there 
are various methods of implementing the reference 
beam mode, the DISA Optical Unit permits imple­
mentation as shown in Figure la. In this mode of 
operation, one beam of laser light is admitted 
directly into the photodetector and is called the 
reference beam. A second beam, called the 
scattering beam, has an intensity of about two 
orders of magnitude more than the reference beam.
The scattered light from particles in this beam is 
collected by the receiving optics and heterodyned 
in the photodetector with the reference beam which 
acts as a local oscillator. This mode is useful 
where scattering center concentrations are fairly 
high. It is also the least critical as far as 
alignment required to obtain a good heterodyne
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Va. Reference beam mode b. Differential Mode




c. Dual Beam Mode d. Differential Backscatter Mode
Figure 1. Optical Configurations
Figure 2. Typical Fringe Pattern
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signal. Usually, a neutral density filter is 
placed in front of the reference beam to provide 
variable attenuation for maximum signal/noise 
ratio. The Doppler frequency is given by:
fd = (1)
A more popular mode of operation is the 
Differential Beam Mode. This mode is also called 
the dual scatter mode (4), the two-beam mode (5), 
and the fringe mode (6). Again, there are differ­
ent methods of implementing this mode optically, 
but the DISA System is implemented as shown in 
Figure lb and is representative of optical con­
figurations. This mode has the advantage of a 
good signal/noise ratio from a low scattering 
particle density and also permits the use of a 
large receiving lens to collect the scattered 
light. In essence, it is simply making a compari­
son between scattered light resulting from two 
individual scattering beams. Because these beams 
have different direction vectors, the scattered 
light from one beam will be shifted up in fre­
quency, while the other will be shifted down in 
frequency as seen by the PMT. It should be noted 
that in the absence of particles the photomultiplier 
current is zero and that the Doppler frequency is 
independent of the placement of the PMT. Note also 
that the optical receiver may be constructed to 
admit light from a large solid angle. Because a 
large amount of light may be collected, this 
system produces, in most instances, a signal/noise 
ratio which is greater than comparable reference 
beam systems when the scattering particle density 
is low.
The differential mode is also referred to as 
the "fringe mode" because the two beams interfere 
with each other, destructively and constructively 
and form a spatial interference fringe pattern at 
the volume which is defined by their intersection. 
Figure 2 shows an actual magnified projection of 
this fringe pattern. It has been shown (5), that 
the fringes have a spacing of:
2 Sin 0/2 (2)
If a particle passes through this fringe pattern, 
it will scatter light from the bright fringes at 
a rate equal to:
fd (3)
If these fringes are aligned in the X-Y plane and 
a particle with a velocity in the direction of the 
X-coordinate passes through these fringes, it will 
reflect light with a frequency given by:
Uv 2 Sin e/2
•P =  *  / A \
Equation 4 shows that the frequency seen by the 
photodetector as a result of a fringe model is 
identical to that expected from Doppler considera­
tions (see Equation 1).
The final mode of operation is called the 
Dual Beam Mode and is shown in Figure 1c. This is 
also referred to as the "one-beam anemometer" (5). 
In this mode, one laser beam is focused at the 
measuring point and two rays of scattered light 
are collected and combined on the photomultiplier. 
This system finds its best application where 
simultaneous multi-dimensional measurements are 
desired. Two-dimensional measurements are possible 
because light can be collected in two planes which 
are mutually perpendicular and combined by two sets 
of optics to provide signals related to two 
orthogonal velocity components.
SELECTION OF LASER
When selecting a laser for use with an LDA 
system, one should consider the following five 
parameters: useable power, coherence, mode 
structure, wavelength and beam size. The required 
power of the laser is somewhat hard to define 
because it is a function of the optics used, the 
accessibility of the laser beam to the flow 
phenomena, the scattering particle parameters, and 
the photodetector sensitivity at its assigned 
location in the experiment. There have been 
generalizations made and estimates have been 
derived for a given situation. Reference 7 gives
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the following equation for the approximate power 
required in a given experiment:
PL - 7 T
a ?
1CT R-|L hv fd
nq nc Qscatrp Nfr
(5)
Of the eight terms in Equation 5, two are 
difficult to evaluate and these two are: the 
scattering coefficient Qscat and the efficiency 
of the light collecting system, nc- These quantities 
are best evaluated experimentally. Evaluation of 
the remaining terms is less complex, although not 
trivial.
Let us define for the purpose of this paper 
that the radius of the focused laser beam is given 
by:
The value of the scattering coefficient QSCat 
and particle radius rp are dependent upon the 
particular scattering particles in use. The values 
of both Qscat and rp ma.y also be distributions. We 
will, however, use an average value of the distri­
bution in our calculation since the scattering 
particles currently being used for LDA measurements 
have a range of value between 0.10 - 10 microns in 
diameter. Let us, for our calculation, use a 1 
micron particle and assume the scattering coeffi­
cient is 3 as suggested in Reference 5. The 
number of fringes in Nfr for a given optical 
system is given by:
'fr
10 Fq tan(e/2) 
it d. (7)
For average values of 6 there are on the order of 
100 fringes in the measuring volume.
If we substitute the expressions found above 
for the different variables in Equation 5, we have:
P >
4-10 FQ he Ux cos 0/2
d  ? 2
u n n Q j. r d, q c scat p L
(8 )
For average values used in the DISA LDA System, 
we find the value of laser power as a function of 
velocity is approximately 0.33mw/m/sec.
The important thing about Equation 8 is the 
form rather than the exact value predicted. It is 
important to note that higher power lasers are re­
quired for greater focal length and higher veloci­
ties. It is equally important to note that a 
higher scattering efficiency, particle diameter, 
and laser beam diameter result in lower required 
power.
Another consideration in the selection of the 
laser is the selection of wavelength of the laser. 
The laser's wavelength is of importance since the 
wavelength enters into the evaluation equation, 
(Equation 1). It can be seen from this equation 
that lasers operating in the red region in the 
spectrum produce lower Doppler frequencies for a 
given velocity than do those lasers operating in 
the blue region.
WAVELENGTH IN & MAXIMUM POWER
Helium-Neon 6328 50 mW
Argon 4880 & 5145 15 W
Helium-Cadmium 4416 50 mW
c o2 10600 300 W
TABLE I
Table I shows the common lines of operation 
for the different types of lasers presently in 
typical LDA systems. A tabular listing of available 
lasers may be found in Reference 8.
The final consideration is the ability to 
detect the laser light after it has been scattered. 
Most photomultipliers with the S-20 response will 
respond adequately to laser light in the visible 
region, although they have a peak at approximately 
4000 A with a quantum efficiency of about 20%.
Other photomultiplier's photocathodes have peaks 
that are somewhat more broad or located in different 
areas of the spectrum. In general, the photomulti­
pliers tend to peak more toward the ultra-violet 
region of the spectrum, whereas solid state photo­
detectors can operate better in the infrared 
region. Because photomultipliers have the ability
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to multiply photoelectrons with relative low noise, 
these are primarily used in LDA systems. However, 
the recent advances in sol id state photodetectors 
make them appear to be more attractive than they 
were in the past.
Lasers used in most LDA systems operate in 
the TEMoo mode. This mode of operation produces 
a beam which has a Gaussian intensity distribu­
tion. It is possible to operate the laser in 
other modes (9), but the resulting output is 
not suitable for LDA applications. Mode structures 
are of importance in that multiple frequency 
operation of the laser may produce spurious 
signal frequencies in the region where LDA 
measurements are made. These spurious signals 
most often appear at a frequency given by:
Further problems arise because these modes are 
not equally spaced as predicted in Equation 9, but 
rather slightly more or less than this. The re­
sulting difference in frequency may then appear 
very low in frequency and may wander somewhat in 
time (10). This problem can be solved by the 
use of an etalon within the laser cavity which 
effectively puts all the power of the laser into 
one particular mode which is tuned by the etalon.
SELECTION OF TRANSMITTING OPTICS
The term "transmitting optics" is used here 
to indicate those optics which control the 
direction and shape of the laser beam illuminating 
the measuring volume. The analysis is valid for 
all three modes of operation; that is, reference 
beam, differential beam in forward and backscatter 
operation.
The first general consideration in the selec­
tion of transmitting optics is the required focal 
length of the lens since that quantity determines 
the distance between the transmitting optics and 
measuring point. There are, however, occasions 
where measurements are to be made in high velocity 
flows where a small angle is desired so that the
Doppler frequency is kept low. On these occasions, 
a longer focal length lens is used so that the 
scattering angle is made smaller.
Another consideration in the selection of the 
scattering angle is the relationship between the 
particle size and the scattering characteristics 
as a function of the scattering angle. One of the 
most straight-forward techniques used to match the 
scattering angle to the particle size is that 
presented in Reference 7. Here, using the fringe 
description of the system, particle size is 
approximately matched to the fringe spacing in 
the measuring volume. It is reasoned that maximum 
amplitude modulation of the light reflected from 
the particle as it passes through the fringes is 
obtained when the particle size is small enough 
such that it does not overlap adjacent bright 
fringes. It is suggested in Reference 7 that the 
particle size be made approximately 1/8 of the 
fringe spacing. This implies:
rp = 16 Sin(6/2)
This value of the particle size has not been 
documented well as being optimum, however, most 
experiments which approximately fulfill this 
requirement have yielded good signal/noise ratios.
The final consideration in the selection of 
the transmitting optics is the size of the measur­
ing volume that will result. Obviously, the 
experimenter desires sufficient spatial resolution 
to take accurate data points for his given experi­
ment.
The measuring volume referred to above is 
defined as that region in space where the Doppler
signal received by the photodetector is at least
2
1/e of the maximum value that can be obtained. If 
we neglect the effects of the receiver optics and 
only consider the intersection of two beams of 
light with a Gaussian intensity distribution, we 
find that application of the above definition will 
result in the description of an elipsoid of rotation 
as shown in Figure 3. The dimensions of this 
volume are:
d! = k ( ID
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yd-j_ = k diameter
d, - k = diameter
2 C o s (9/2)
d - k = diameter
S i n (9/2)
r D i D V II ° XW h e r e  k  =
7r dL
of e l lipsoid on z axis 
of e llipsoid on y axis 
of elli p s o i d  on x axis
Note: A l l  beams are in x-y plane.
Figure 3. Dimensions of Measuring Volume
fd A fd ^ 1
2 S i n (0/2) 2 Sin(9i/2)
a = k C o t ( Q t /2) 
2
Sin(9i/2) = ^  S i n (9/2)
n l





y = __ jj
3 Sin (0/2)
Where
already been described in general above. The
(12) variable f/number of the receiving lens permits 
adjustment of the intensity on the pinhole as 
well as the depth of field of the focusing lens.
(13) This permits optimization of the signal/noise 
ratio for a given experiment.
The pinhole used in the receiving system
(14) permits only light from the measuring volume to 
fall on the photodetector. The size of the pin­
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(18)
A final point is the effect of different 
indeces of refraction upon the measurements. In 
a common LDA application, water is contained be­
tween two walls as shown in Figure 4. (For 
simplicity, we will neglect the effects of the 
different index of refraction due to these walls. 
The correct solution simply requires application 
of the above equations to the wall region.) If 
we apply Snell's Law to Equation 1, we find 
that:
2 Sin(e/2) 2 Sin^/2)
Where the subscript indicates a media other 
than air, it is most convenient that Equation 1 may 
be evaluated ignoring the different index of re­
fraction. The location of the measurement may be 
written as:








The optical system used to collect the 
scattered light from the measuring volume has
It shall be noted that if the ratio of F and
s
Fp are held constant, the same pinhole can be used 
for different focal length lenses of the transmitting 
and receiving optics. Equation 18 also indicates 
that different beam diameters will require differ­
ent pinhole sizes.
SUMMARY
The total design considerations are far more 
complex than shown here. However, the above analysis 
should help the growing number of new users of LDA 
systems who are unfamiliar with the design criteria 
but have a system, purchased commercially or 
perhaps inherited from some predecessor. Much 
more detail can be found in the literature. There 
is little experimental knowledge which would show 
the superiority of one analysis over others. Hope­
fully, authors will compare their analyses and 
resolve their differences to the point where the 
literature can be more clearly understood by new­
comers to the field.
SYMBOLS
d-| , d^, d dimensions of measuring volume (see 
u Figure 3)
p
d^ laser output beam diameter at 1/e
poi nts
d fringe spacing
Fq focal length of transmitting optics
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SYMBOLS (cont.)
f frequency of Doppler signal
-34
h Planck's Constant (h = 6.62559 x 10
J-Sec)
F  , ¥  unit vectors which describe the
1  ^ direction of propagation of the inci­
dent and scattered 1ight,respectively
L length of laser cavity
number of fringes in the measuring 
^fr volume
laser output power
0  ^ the scattering coefficient
vscat
r diameter of focused laser beam at
focal point
r radius of scattering particle
P
U velocity vector of scattering particle
U component of U perpendicular to
x fringe pattern
V volume of measuring volume
n the overall quantum efficiency of the
0 photodetector
n the efficiency of the light collecting
c system
e the angle of intersection
A the wavelength of light
v the frequency of the light (v = c/a )
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DISCUSSION
D. K. McLaughlin, Oklahoma State University: In re­
gard to the formula for laser power, I think it is 
very important for design consideration. If I use 
the formula on the experiments that I was doing where 
I had velocities on the order of a millimeter per 
second that would tell me that I could use something 
like a half microwatt laser and I don't believe that 
would have worked. What's wrong?
Smid: I think the point here is that this sort of 
analysis is meant to be used for guidelines. I too 
find the same situation where if I use that equation 
it predicts that I need a 10 watt laser, and I have 
done it with a 2 watt laser. I know that at very 
low velocities it falls apart and at very high veloc­
ities it also fails. It does seem to work fairly 
accurately in the middle range where the laser power
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per meter per second is somewhere between 1/2 and 1/10. 
Most people use a higher power laser than they really 
need. In other words, 5 milliwatts just because it 
is convenient.
L.L. Lading, Danish Atomic Energy Commission: I be­
lieve it is nonsense to say that you need a certain 
amount of power to measure a certain velocity. A lot 
of other things come into the question too, especially 
what kind of averaging time are you allowed to use 
(temporal resolution). In principle, if your time 
is infinite you need no power. And to the question 
of the controversy between Adrian's results and your 
figures - I believe these figures do not take into 
consideration either Brownian motion or what is im­
portant in this case, the line width of the laser.
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